Early log phase yeast cells of Candida albicans transformed into suspensor cells and chlamydospores when streaked on washed agar without added nutrients. The transformation was apparently a result of endogenous metabolism since starved yeast cells did not form chlamydospores. Addition of glucose (5 mg/ml) to washed agar completely suppressed chlamydospore formation. Size of inoculum and age of inoculum markedly affected chlamydospore yield. Electron microscopy of thin sections revealed the chlamydospore wall to be double layered, the outer thin layer being continuous with the wall of the suspensor cell. A technique was devised to study germination of chlamydospores. Chlamydospores germinated by budding, and the fluorescent antibody technique was used to study the budding process.
Early log phase yeast cells of Candida albicans transformed into suspensor cells and chlamydospores when streaked on washed agar without added nutrients. The transformation was apparently a result of endogenous metabolism since starved yeast cells did not form chlamydospores. Addition of glucose (5 mg/ml) to washed agar completely suppressed chlamydospore formation. Size of inoculum and age of inoculum markedly affected chlamydospore yield. Electron microscopy of thin sections revealed the chlamydospore wall to be double layered, the outer thin layer being continuous with the wall of the suspensor cell. A technique was devised to study germination of chlamydospores. Chlamydospores germinated by budding, and the fluorescent antibody technique was used to study the budding process.
Formation of the large, spherical, thick-walled structure termed chlamydospore is a characteristic of Candida albicans. This structure is of diagnostic importance in identification of C. albicans, and numerous culture media have been described aimed at promoting chlamydospore formation in isolates from clinical material. However, few studies of a biochemical nature have been attempted on the chlamydospore of C. albicans, and there appears to be nothing in the literature on the chemical composition of this structure. The absence of such studies may be attributed in part to the lack of a method for isolation of chlamydospores in quantity. This obstacle has been overcome to an acceptable degree in the work to be reported.
The word "chlamydospore" is derived from Greek "chlamys," meaning mantle or sheath. The term in mycology is defined as a thickwalled, non-deciduous, intercalary or terminal asexual spore made by the rounding up of a cell or cells (1) . The chlamydospore of C. albicans was probably first noted by Robin (18) , as can be judged from his drawings. Guilliermond (9) stated that, in C. albicans, chlamydospores form at the extremities of filaments, are gorged with glycogen, and are enveloped by a thick membrane formed of superimposed layers. The taxonomic significance of the chlamydospore of C. albicans was recognized by Langeron and Guerra (11) For electron microscopy, sections (1 by 2 mm) were cut from 72-hr agar slide cultures and fixed either in osmic acid or KMnO4. After fixation for 3 days in 3% (w/v) osmic acid, agar sections were dehydrated in three changes of ethanol (50, 70, and 80%, v/v). Fixation for 90 min in 5% (w/v) aqueous KMnO4 was followed by washing in distilled water and dehydration in 95% ethanol. Fixed samples were embedded in Epon 812 (Shell Chemical Co.) following the procedure of Luft (12) . Sectioning was done on an LKB Ultratome equipped with a diamond knife. Sections were mounted on carbon-stabilized parlodion-coated grids and examined with an RCA-3D electron microscope.
Fluorescent antibody procedure. For production of antisera, C. albicans was grown for 20 hr in YD medium in agitated cultures at 27 C. Cells were collected, washed several times by centrifugation, and allowed to stand in 0.25% formaldehyde overnight at 5 C. After repeated washings in sterile saline, viability tests were done, whereupon the material was lyophilized. A suspension containing 1 mg of the lyophilized material per ml was administered intravenously to three young adult New Zealand rabbits by the following schedule: 0.5 ml on the first day of a week, followed by two 1.0-ml injections on the next 2 days. This series was repeated for three subsequent weeks; thus, each rabbit received a total of 12 injections. Rabbits were bled after 5 weeks, merthiolate (Lilly; 1/10,000) was added, and antisera were stored at 5 C until used.
For isolation of the gamma globulin fraction, 10 ml of whole yeast cell antiserum was fractionated by electrophoresis on potato starch in an E-C trough (E-C Apparatus Corp., Philadelphia, Pa.). Separation was allowed to proceed for 18 hr at 360 v with cooling; 0.05 M barbital buffer, pH 8.6, was employed. The position of gamma globulin in the starch block was localized by lightly pressing a filter-paper strip along the run, allowing it to dry, and staining with bromophenol blue. Gamma globulin was eluted by filtration through a sintered-glass filter of medium porosity, dialyzed against distilled water, and lyophilized.
Celite-adsorbed fluorescein-isothiocyanate (Calbiochem, Los Angeles, Calif.) was used to label gamma globulin. The technique outlined by Rinderknecht (17) was used. The lyophilized gamma globulin was dissolved (5 mg/ml) in 1 (2. 5 by 18 cm), prepared in 0.02 M sodium phosphate buffer, pH 6.5. While unreacted excess dye was retained by the column, a strong yellow band separated rapidly and was collected.
In the labeling of cells, 24-hr cultures of chlamydospores and yeastlike cells were collected and washed by centrifugation at ambient temperature and incubated for 1 and 12 hr at 5 C in the presence of fluorescein-labeled globulin. After incubation, the labeled cells were washed with phosphate-buffered 0.5% (w/v) NaCl (pH 6.5) to remove excess antibody, plated on YD agar, and allowed to grow for 30 min to 1 hr. Wet mounts were examined with a fluorescent microscope for the presence of budding structures; filter combinations employed were BG12 and OGI.
RESULTS
Induction of chiamydospores. Chlamydospores were produced abundantly when C. albicans was grown on the polysaccharide medium of Nickerson and Mankowski (16) . However, such cultures also contained extensive filamentation. As the aim of this study was to obtain chlamydosporecontaining cultures as free as possible from other forms of growth, attempts were made to reduce the extent of non-chlamydospore-bearing filamentation.
Plain agar medium was found to support chlamydospore formation in the absence of blastospore-bearing filaments. All filaments in a representative colony (Fig. 1) terminated with one or more chlamydospores. Marked differences in size permitted easy separation of the yeastlike growth by filtration. Chlamydospores were also formed on purified, biotin-free agar in the absence of any added nutrients, even when the inoculum consisted of cells washed several times in phosphate buffer. Development of chlamydospores was also obtained on streaking such washed cells on sterile cellulose dialysis membranes followed by incubation in a moist atmosphere. In routine use, chlamydospores were produced on dialysis tubing resting on plain agar contained in petri plates.
Many attempts were made to obtain chlamydospore development in liquid media with the hope of eventually achieving large-scale production. Among various conditions tested were the polysaccharide medium without agar; also, water-and acetone-soluble extracts of agar which were lyophilized and added to the defined medium in place of glucose. Cultures were incubated with or without agitation, and under air, C02, or N2 atmospheres. However, all these attempts proved fruitless; only rarely has a chlamydospore been observed in any liquid medium.
Factors affecting chlamydospore yield. Three factors were found to influence the production of chlamydospores: age of culture, inoculum size, and inoculum age. Each of the variables was studied while the other two were kept constant. The optimal yield of chlamydospores [expressed as a ratio of chlamydospores to yeast cells (C:Y)] and the homogeneity of the culture were age dependent. Maximal chlamydospore development was observed between 48 and 60 hr of incubation. When incubation was prolonged, the number of blastospore-bearing filaments and budding yeast cells increased markedly.
The effect of inoculum size on chlamydospore development was studied by using different densities of washed cells. The initial concentration was 108 cells/ml; this suspension was diluted 1/10, 1/100, and 1/500. Use of the undiluted suspension and the 1/10 dilution resulted in the appearance of chlamydospores as early as 18 hr. These cultures also contained extensive filamentation which was absent from slides inoculated with 1/100 and 1/500 dilutions of the cell suspension. After 48 hr of incubation with the more dilute inocula, cultures exhibited colonies containing suspensors terminated with chlamydospores. Thus, a dilution which contained 106 cells/ml was used routinely as a standard inoculum.
The effect of inoculum age was studied by using washed standard inoculum; slides were examined after 48 hr. A growth curve for C. albicans in the defined liquid medium was established, and inocula representing four different points on the curve were assayed for efficiency of chlamydospore production: 1 hr (lag phase), 5 and 8 hr (log phase), and 24 hr (early stationary phase). At the time of inspection (48 hr), slides inoculated with either lag-or stationary-phase cells had hardly any macroscopically visible growth. On the other hand, cultures inoculated with 5-or 8-hr cells had produced visible colonies, rich in chlamydospores. As there was no observable difference between the latter two, the inoculum age was set at 4 to 5 hr for routine work.
Effect of nutrients on chlamydospore development. The effect of amino acids on the development of chlamydospores is summarized in Table 1 . Although an effort has been made to quantitate the C :Y ratio, the figures have only an illustrative significance. C:Y would vary from slide to slide and from colony to colony on the same slide. However, proline and glutamic acid consistently caused complete inhibition of chlamydospore development. On the other hand, L-methionine and L-serine seemed to increase chlamydospore number by promoting filamen- The effect of various carbohydrates on the production of chlamydospores has been reported many times in the literature (see review by Hayes, 10). Generally, chlamydospores are produced in the absence of easily utilizable carbon source. However, it was of interest to determine the amount of glucose needed to suppress chlamydospore development. Figure 2 illustrates the effect of adding increasing concentrations of glucose to plain agar medium. Chlamydospore yield decreased with increasing concentration of glucose. There were no chlamydospores present at a glucose concentration of 5 mg/ml. The inhibitory effect of glucose was enhanced in the presence of 2,4-dinitrophenol. Only 1 mg of glucose per ml was needed to suppress chlamydospore formation entirely when dinitrophenol was added to the medium at a final concentration of 5 X 10-5 M. At 10-4 M, the same effect was achieved with 0.5 mg of glucose/ml (Fig. 2) .
Effect of inoculum starvation on chiamydospore development. Cells grown in YD medium for 12 hr with continuous agitation were collected by centrifugation, washed three times in 0.2 M phosphate buffer, pH 5.5, at ambient temperature, and then suspended in a volume of buffer equivalent to that of the growth medium and returned to the rotary shaker at 27 C. At certain time intervals, a sample of cells containing 2.5 mg (dry weight) /ml was assayed for oxygen uptake in a Warburg apparatus. Both endogenous and exogenous respiration rates were measured, the latter in the presence of glucose (5 ,umoles/ vessel). After 10 hr of starvation, the endogenous respiration rate was very low. The Qo, was less than 5, whereas the nonstarved control had a Qo, of 37. At this point, cells were stained with iodine and compared to nonstarved controls. A dark-orange granulation due to glycogen was prominent in the control and absent in the starved cells. Portions were also diluted and inoculated for chlamydospore development. The "spidery" growth pattern depicted in Fig. 3 was not seen and, although filamentation was present, no chlamydospores were observed.
Effect of excess moisture on chlamydospores development. The presence of condensation liquid on cultures inhibited chlamydospore development. Figure 3 shows the yeastlike colony formed upon inoculation of freshly poured agar. In practice, the moisture of slide cultures was controlled by employing 0.5 ml of 26.5% (w/v) CaCl2 per ml (4), and petri plates were dried for 24 hr at 27 C before inoculation.
Morphogenesis of chlamydospores. Time-lapse recording of the development of chlamydospores was conducted after incubation of slide cultures for 24 hr. The permanence of the formed spores and the process of development could be observed. The four frames shown in Fig. 4 represent 12-min intervals. It can be seen that every branch from the main filament terminates in a chlamydospore. Chlamydospores are borne on rather elongated suspensor cells. It has also been observed that a chlamydospore may rest directly on a long filament, giving rise to so-called sessile spore formation. The structure that will become a chlamydospore itself or support one is initiated by budding. A round cell is formed as opposed to the elongated cells composing the pseudomycelium. As the bud grows, material is deposited inside, giving rise gradually to the thickwalled structure characteristic of chlamydospores. It was also observed that a round cell which, judging from its appearance might become a chlamydospore, budded once more and gave rise to a second round cell which did become a chlamydospore. This phenomenon was probably observed by Roux and Linossier (19) . They described structures termed "protochlamydospores" which concentrated glycogen and other cellular material; as the "true" chlamydospore was formed, all this material would migrate into the chlamydospore, leaving the protochlamydospore 3 . Effect of environment on colonial morphology of C. albicans. A, Appearance of typical chlamydosporebearing colony obtained by using standard washed inoculum (106 cells/ml) applied by streaking a piece ofdialyzer tubing resting on a microscope slide, covered with plain agar that had been dried to exclude moisture ofcondensation (i.e., standard procedure to obtain chlamydospores); B, same conditions, but in presence of moisture of condensation; C, same conditions, but 1% glucose added to plain agar. All photographs, X40. seemingly empty. The resolution of the film employed for time-lapse photography does not allow one to differentiate between the inner structure of old and young chlamydospores. Whereas the center of a young spore is granular in appearance, in older cultures (72 hr) coalescence has taken place.
Examination of electron micrographs of thin sections of chlamydospores failed to reveal any structurally distinguishable cytoplasmic constituents. Similar findings reported by Bakerspiegel (2) were attributed by him to poor fixation. The chlamydospore wall is double layered, consisting of a thin, electron-transparent outer layer surrounding a thick electron-dense inner layer (Fig. 5) . The thickness of the inner layer increases with age of the chlamydospore. The thickness of the wall of mature spores is approximately 400 nm. It can be seen (Fig. 5) that the outer layer is a continuum of the suspensor wall. A membrane seems to separate the inner layer from the cytoplasm (Fig. 5) .
Germination of chlamydospores. Chlamydospores were observed to germinate when the . . . . , , _ . t . relatively young chlamydospores (24 to 40 hr) could be induced to germinate by budding. About 3 to 4 hr elapsed between the change of the medium and observable germination. During this time, the center of the chlamydospore developed a granular appearance, and rapidly moving particles could be observed in the suspensor filaments (Fig. 6) . The wall of the spore also lost some of its thick appearance. As the germination of chlamydospores proceeded, giving rise to pseudomycelium, blastospore-bearing filaments also arose. Within 12 to 16 hr, the predominant appearance of the culture was yeastlike with occasional filaments. Miwatani et al. (14) observed several round structures emanating from a chlamydospore. However, the structures they identified as buds did not increase in size nor did they multiply.
The sequence of steps in the budding process is presented in Fig. 7 . The elapsed time from Fig. 7A to 7C was 3 min. Figure 7D was taken 30 min later to show the enlargement of the daughter cell. A bulging of the cell initiates the appearance of a bud. It would seem that the thick chlamydospore wall is ruptured while some inner membrane covers the bud as it first appears.
The fluorescent-antibody technique was employed to study the budding process. A higher frequency of budding was observed in mounts prepared from cultures which had been exposed to antibody for 12 hr at 5 C before plating; some degree of synchronization was probably achieved. Figure 8 shows the initiation of a bud from a cell, and the enlargement of buds. Note that the fluorescence of the mother cell wall is discontinued. This can be interpreted as being due to either the presence of newly synthesized cellular material or the presence of only a very thin layer of the old wall, exhibiting low fluorescence. DISCUSSION The development of chlamydospores was observed when washed inocula were plated on a plain agar-distilled water medium. Since chlamydospores were not produced by a starved inoculum under similar conditions, it may be assumed that differentiation is accomplished through endogenous metabolism. Although it cannot be ex- cluded that the process of starvation had some effect other than the mere exhaustion of metabolizable reserves, the cumulative effect of glucose and dinitrophenol in suppressing chlamydospore formation strongly supports the indication that chlamydospore development is a result of endogenous metabolism. It is known that C. albicans has a high rate of endogenous respiration that declines rather rapidly with time (15) . Van Niel and Cohen (21) showed that only one-third of a glucose substrate is oxidized by starved suspensions of C. albicans, with twothirds of the substrate being converted to a polymerized form. The effect of dinitrophenol on chlamydospore formation may be interpreted in this light. Dinitrophenol promotes the complete oxidation of thel glucose substrate (7) and less glucose is required in the presence of dinitrophenol to suppress chlamydospore formation.
Another example of differentiation occurring in the absence of uptake of nutrients is found in the cellular slime mold Dictyostelium discoideum (5). During the development of the fruiting body, the organism sequentially utilizes endogenous amino acids and proteins; the amino acid pool drops to approximately 30% of its initial value, the ethanol-soluble protein fraction to 60%, and the ethanol-insoluble protein to about 80% of its initial value (23). Similarly, yeastlike cells of Mucor rouxii (grown under CO2) develop into sporangiophores and sporangia in nutrientfree conditions on exposure to oxygen (3).
The fluorescent-antibody technique was employed by Goos and Summers (8) in a study of cell wall replication in C. albicans. There are differences between the experimental conditions described by these workers and those employed in the present study. Goos and Summers described the fluorescence of cells incubated for 24 hr after exposure to fluorescent antibody. Their conclusion that parent cell wall material was incorporated in newly formed cells was not confirmed in the present work in which the incubation time was 30 min to 1 hr. Chung, Hawirko, and Isaacs (6) fluorescent structures throughout the process of budding. However, the buds formed after removal of free fluorescent antibody were very largely nonfluorescent. They concluded that bud formation does not involve incorporation of segments of cell wall from the mother cell. Our findings agree with those of Chung et al. and underline the importance of examining preparations shortly after they have been labeled.
The chlamydospore-suspensor cell pair may be regarded as a unit since (i) the outer wall layer of the chlamydospore is continuous with the suspensor cell wall, (ii) much of the content of the suspensor cell appears to be concentrated in the chlamydospore, and (iii) during germination of the chlamydospore there is a return of cytoplasmic activity in the suspensor cell. Matile (13) showed that the lysosomal apparatus of yeasts and filamentous fungi is localized in vacuoles. In the basidiomycete Coprinus lagopus, autolysis of the fruiting body is brought about by chitinase which is localized in vacuoles in gill cells and is released therefrom to cause dissolution of the chitinous cell walls (W. Iten, Thesis, Eidgenossische Technische Hochschule, Zurich, Switzerland, 1969). In view of the changes in both suspensor cell and chlamydospore on germination of the latter, it is likely that some lysosomal activity may be contained in the vacuole of the suspensor cell and play a role during germination of the chlamydospore.
